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THE MINERALOGY OF 
SOME UPPER CHALK SAMPLES 
FROM THE ARUNDEL AREA,  SUSSEX 
A. H. WEIR  AND J. A. CATT  
Rothamsted Experimental Station, Harpenden, Hefts. 
(Received 16 August 1965) 
ABSTRACT: Seven samples, representative of all zones of the Upper Chalk 
in the Arundel area of Sussex, were treated with acetic acid and the residues 
analysed to determine their mechanical nd mineralogical compositions. The sand 
and silt fractions of the residues consist mainly of flint and opaline silica, collo- 
phane, limonite, and quartz, and the' clay fractions consist of montmorillonite, 
mica, quartz, and apatite. Authigenic apatite and quartz occur in the clay and silt 
and authigenic alkali feldspar in the silt. The montmorillonite may also be 
authigenic. 
A necessary preliminary to any investigation of drift deposits or soils on the English 
Chalk is a knowledge of the composition of the insoluble residue of the Chalk left 
after dissolution under atmospheric conditions. The early work of Hume (1893) and 
Double (1927) on the Chalk of the south coast of England and East Anglia respec- 
tively, showed that HCl-insoluble residues were composed almost entirely of clay, 
and that the small amounts of sand contained limonite, pyrite, glauconite, and a 
range of detrital minerals including quartz, feldspar, zircon, tourmaline, mica, garnet, 
hornblende, rutile, chlorite, augite, chalcedony, magnetite, jasper, epidote, andalu- 
site, staurolite, sphene, and kyanite. In addition to these minerals Cayeux (1890, 
1891a, b, 1897) recorded anatase, brookite, apatite, and corundum in the Chalk of 
northern France. The use of hydrochloric acid, even in very dilute solution, is 
liable to remove minerals that might be expected in natural chalk residues; for 
this reason, Perrin (1956, 1957, 1964) and Avery et al. (1959) used buffered acetic 
acid. Both made accurate mechanical analyses of the residues and showed that 
montmorillonite and mica are the dominant constituents of the insoluble clay 
fraction. Brown & Oilier (1956) used the same treatment for samples of Middle and 
Upper Chalk from the Chilterns and found abundant collophane in the sand fraction 
and an apatite-like mineral in the silt and clay. Young (1965) identified mont- 
morillonite, illite, kaolinite, chlorite (or vermiculite), and apatite in the clay fractions 
of acetic acid-insoluble residues from the Lower Chalk of the Leatherhead (Fetcham 
Mill) borehole, but found only montmoriUonite, illite, and apatite in the Middle 
and Upper Chalk. 
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Seven samples, representative of all zones of the Upper Chalk in the Arundel 
district, were examined as part of a study of the origin of Clay-with-flints on the 
South Downs. These were taken from the following localities, the zones being those 
given by Gaster (1937): 
Sample No. 7. Actinocamax quadratus zone; quarry at Warningcamp Hill (Grid 
Reference: TQ 046077), 
Sample No. 6. Offaster pilula zone; quarry at Offham (G.R. : TQ 024085). 
Sample No. 5. Offaster pilula zone; excavation for reservoir at Perry Hill (G.R. : 
TQ 051091). 
Sample No. 4. Marsupites testudinarius zone; quarry at Hangleton (G.R. : TQ 
089042). 
Sample No, 3. Micraster coranguinum zone; quarry beside R. Arun at South 
Stoke (G.R.: TQ 019100). 
Sample No. 2. Micraster cortestudinariura zone; quarry beside R. Arun at 
Houghton (G.R. : TQ 013109). 
Sample No. 1. Holaster planus zone; quarry at Houghton (G.R. : TQ 013109). 
EXPERIMENTAL  PROCEDURE 
One thousand grams of each sample were crushed to pass through a 250 /~ mesh 
sieve, and dissolved in cold 2 N acetic acid, the pH of the solution being maintained 
above 4.7. The supernatant solution was siphoned off at least once and replaced by 
fresh acetic acid to ensure complete solution of the carbonate. 
The residues were passed through a 53 /~ mesh sieve, and the retained sands 
dried and weighed. The silt and clay fractions were sodium-saturated by shaking 
with normal sodium chloride solution, dispersed in water made slightly alkaline 
with sodium hydroxide, and the clay fractions (less than 2 /~ equivalent spherical 
diameter) separated from the silt by repeated sedimentation. The silts were sub- 
divided by repeated sedimentation into two fractions, 50-20/~ e.s.d, and 20-2/~ e.s.d. 
The clays were flocculated with magnesium chloride, magnesium-saturated, washed 
with water and acetone, and dried from benzene. The clay fraction of sample 5 
was subdivided into coarse (2-0-0-5/~) medium (0"5-0-1 /~) and fine (<0.1 t0 grades, 
using a Sharpies supercentrifuge, to study the distribution of the mineral species 
according to particle size. 
The sand and coarse silt fractions were analysed mineralogically with a 
petrological microscope. The fine silt fractions were analysed by a combination 
of optical microscopy, chemical methods and X-ray diffraction powder techniques. 
The minerals in the clay fractions were identified by X-ray diffraction techniques, 
and the relative amounts of individual minerals were determined chemically. The 
differential dissolution analysis (DDA) technique of Hashimoto & Jackson (1960) 
was used to estimate the amounts of amorphous ilica, and iron and aluminium 
oxides. Quartz was estimated by the sodium pyrosulphate fusion method of Kiely 
& Jackson (1964). Apatite contents were calculated from the total phosphorus in 
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the clays assuming that it was all present as apatite. Mica was calculated from the 
potash content by assuming that the micas contained 10% K20 (Jackson, 1956). 
The remainder of each clay was assumed to be montmorillonite. Exchange capacities 
were measured by the technique of Bascomb (1964), using an unpublished modifica- 
tion suitable for samples as small as 200 mg. The morphology of clay particles was 
studied with the electron microscope. Organic carbon was determined by dichromate 
oxidation (Shaw, 1959). 
RESULTS 
Mechanical composition 
The weights of the size fractions of the insoluble residues are given in Table 1 
in terms of g/1000 g of chalk. Excluding sample 4, the amounts of total insoluble 
residue range from 6.25 to 10-62 g, and are approximately the same as those found 
in the Upper Chalk by other workers. The composition of sample 4 is unlike that 
of any chalk sample published to date; the origin of its exceptional fine silt and 
clay content is discussed below. 
TABLE 1. Mechanical composition of carbonate-free chalk residues, in g/lO00 g of chalk 
Sample Sample Sample Sample Sample Sample Sample 
1 2 3 4 5 6 7 
Sand (> 50 t~ e.s.d.) 0-27 0.34 0.14 0.29 0-70 0.05 0.45 
Coarse silt (50-20 t~) 0.11 0-12 0.08 0-19 0.32 0.04 0.43 
Fine silt (20-2/~) 0'81 0-83 0-66 22-60 0"71 0'65 2.29 
Clay (< 2 ~) 7.62 9.33 5"37 13.93 5-82 7'34 4"68 
Total residue 8.81 10.62 6.25 37.01 7.54 8.08 7.85 
Sample 5 was further sub-divided into coarse clay = 0-81 g, medium clay = 2'87 g, and fine clay 
= 2.14 g/1000 gof chalk. 
Sand mineralogy 
Table 2 gives the composition of the sand fractions. The commonest mineral 
in most of the sand fractions is a collophane similar to that described by Brown & 
Oilier (1956) from the Upper Chalk of the Chilterns. Many of the flakes are obviously 
fragments o f  fish scales or teeth and some are thoroughly impregnated with tiny 
granules of bright red iron oxide. Most of the thickest flakes are deep orange in colour 
and feebly pleochroic; these are commonest in the higher zones (i.e. Marsupites 
testudinarius and above). The refractive indices are usually between 1.60 and 1.61 
and the birefringence 0"005 or less. 
Flint in the sand fraction is composed partly of minute interlocking quartz crystals 
and partly of opaline silica with a much lower refractive index. Limonite usually 
occurs in irregular o r  sub-botryoidal grains, but four of the samples contain a 
few cubes modified by octahedral faces, which are limonite pseudomorphs after 
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TABL~ 2 .  Percentage mineralogical composition of chalk residue sand (250-50/z  e .s .d . )  fractions 
Sample Sample Sample Sample Sample Sample Sample 
1 2 3 4 5 6 7 
F l in t  and opaline silica 2 5 21  83  90  17  80  
Collophane 84 68  73  16  5 72  17  
Quartz 2 9 3 p 1 9 1 
Limonite and hematite 11 5 1 p 2 1 1 
Limonite pseudomorphs 
after pyrites p p - -  - -  p - -  p 
Glauconite p 12  - -  - -  p p - -  
Leucoxene p p 1 p p p p 
Pyrites p p p p p p p 
Apatite p p - -  - -  - -  p p 
Zircon p - -  - -  - -  p p - -  
A lka l i  feldspar . . . .  p p - -  
Magnet i te  p - -  - -  p - -  - -  - -  
Manganf fe rous  concretions - -  - -  p - -  - -  p - -  
S ider i te  - -  p - -  - -  - -  p - -  
Sillimanite . . . .  p p - -  
Tourmal ine  - -  - -  p - -  p - -  - -  
Bary tes  . . . .  p - -  - -  
Ch lo r i te  . . . .  p - -  - -  
Muscov i te  . . . .  p - -  - -  
Rutile - -  - -  p . . . .  
p = Present in amounts less than 1%.  
pyrites. Similar though larger pyrites crystals were described by Lacroix (1897, 
p. 614) from the Chalk near Troyes, France. Irregular grains of unoxidized pyrite 
are also present in all the samples. Glauconite is generally rare or absent, but is 
common in the sample of cortestudinarium chalk. This sample was taken from 
approximately 5 ft above the base of that zone, from a bed of hard, nodular phos- 
phatic chalk; the glauconite is visible in the hand specimen as green coatings on 
the surface of the buff-coloured phosphatic nodules. 
The remaining minerals of the sand fractions are detrital, except euhedral apatite, 
alkali feldspar, and barytes, which occur occasionally in a few samples. These are 
all probably formed authigenically in the Chalk. Authigenic feldspar was recorded 
from the Chalk in France by Cayeux (1895) and from chalk erratics in Aberdeen- 
shire and the floor of the North Sea by Thomas (in Hill, 1915), but the only feldspar 
so far described from the Chalk of southern England (by Hume, 1893) occurred 
as anhedral, altered grains presumably of detrital origin. 
Coarse silt mineralogy 
There is little mineralogical difference between the sand (over 50/~) and coarse silt 
(20-50/~) fractions (Table 3), but quartz and authigenic feldspar are more abundant in 
the silt. The quartz occurs mainly as subangular and angular detrital grains, but 
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TABLE 3. Percentage mineralogical composition of chalk residue coarse silt 
(50-20/~ e.s.d.) fractions 
Sample Sample Sample Sample Sample Sample Sample 
1 2 3 4 5 6 7 
Flint and opaline silica 5 
Collophane 75 
Quartz 7 
Limonite and hematite 10 
Glauconite 1 
Leucoxene 1 
Pyrites 
Apatite p 
Zircon 
Alkali feldspar p 
Magnetite p 
Manganiferous concretions 
Siderite 
Tourmaline p 
Barytes 
Muscovite p 
Biotite p 
Garnet 
8 20 80 90 70 85 
40 30 10 3 10 3 
12 40 8 5 15 8 
8 2 1 p 3 3 
30 - -  p p p - -  
1 p p p p p 
__  __  p - -  p P 
P P P - -  __ p 
p . . . . .  
p 5 p 1 1 p 
- -  p P - -  p - -  
- -  3 - -  - -  p - -  
p . . . . .  
p - -  __ p - -  __ 
. . . .  p 
- -  p - -  p - -  _ _  
p . . . . .  
p . . . . .  
p = Present in amounts less than 1%. 
samples  1, 2, and  6 conta ined  occas iona l  auth igen ic  p r i sms  wi th  b ipyramida l  te rmina-  
t ions.  The  fe ldspar  euhedra  are usua l ly  f la t tened para l le l  to the s ide p inaco id ;  some 
have  on ly  the  basa l  p inaco id ,  but  most  show a combinat ion  of  basa l  p inaco id  and  
hemior thodome.  The  crysta ls  are untw inned  and  complete ly  una l te red .  A mean 
re f ract ive  index  near  to 1.525 suggests  they  are potass ium-r i ch .  
TABLE 4. Percentage mineralogical composition of chalk residue fine silt 
(20-2 t~ e.s.d.)fractions 
Sample Sample Sample Sample Sample Sample Sample 
1 2 3 4 5 6 7 
Flint and opaline silica 10 30 40 95 80 70 65 
Collophane 15 40 10 - -  p 4 1 
Quartz 40 20 30 4 15 15 10 
Limonite and hematite 10 5 3 - -  p p 15 
Glauconite - -  p . . . . .  
Apatite 4 1 - -  - -  p p - -  
Zircon p p - -  - -  p - -  - -  
Alkali felspar 10 3 15 p 4 10 7 
Siderite p p . . . . .  
Muscovite I0 p 2 p p p 2 
Montmorillonite - -  - -  - -  p - -  - -  - -  
p = Present in amounts less than 1%. 
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Fine silt mineralogy 
Feldspar and quartz are even more common in the fine silt (2-20 t~) fraction than 
in the coarse silt. Most of the quartz is detrital, though euhedra occur in all the 
samples. The feldspar is entirely euhedral and therefore authigenic. Muscovite and 
euhedral apatite are both more abundant than in the coarser fractions (see Table 4). 
The unusually large amount of fine silt in sample 4 is composed almost entirely 
of silica spherulites which are extremely uniform in appearance under the optical 
microscope. They are entirely isotropic and have a refractive index near to 1.46, 
indicating that they consist of opaline silica with little (2-3%) absorbed water 
(Winchell, 1951). Measurements from electron micrographs and optical microscopy 
gave 5-12 tL as the size range, but most of the spherulites were approximately 7 /z 
in diameter. The detailed structure of the spheres is too fine to be seen optically, 
but the electron micrographs clearly show (Plate la) a spherulitic structure. X-ray 
powder diffraction patterns of the spherulite-rich materials have lines with spacings 
at d = 2-49, 3"81, 4-08, and 4-30 A, which correspond closely with those of low 
temperature tridymite (Brown, 1961). It is doubtful, however, that the spherulites 
are composed entirely of this, for they have a lower refractive index than low tri- 
dymite (Sato, 1962), and they are completely isotropic. A band centred on 4 A 
suggests that part of the spherulites i amorphous to X-rays (Warren & Biscoe, 1938), 
and this may correspond to the amorphous ilica component. Chemical analysis of 
the same fine silt sample gave: SiO2 = 91-76%; A1203 = 2-17%; TiO2 = 0.19%; 
Fe20~ = 0.61%; MgO -- <0.03%;  CaO = 0-31%; P205 =0.14%; K20 = 0-28%; 
Na20 = 0-30%; H20-= 0-42%; H20+= 2-85%. Treatment with boiling 0-5 N 
sodium hydroxide solution decreased the weight of the sample by 89 %. Examination 
of the residue showed that the opaline silica and tridymite spheres had been dis- 
solved and that the remainder consisted of quartz, feldspar, montmorillonite, and 
mica. Quartz equivalent o 3% of the original weight was left when the residue 
was fused with bisulphate. The spherulites are thus extremely pure silica; most of 
the alumina in the sample must be in the montmorillonite, mica, and feldspar, though 
a little may be incorporated in the tridymite. 
PLATE 1. Unshadowed electron micrographs of selected silt and clay fractions 
from insoluble residues of the Upper Chalk. 
(a) Opaline silica/tridymite microspherulites from the fine silt fraction, sample 4 
(Marsupites testudinarius zone). 
(b) Quartz crystals with parallel elongate projections from the residue of the 
bisulphate fusion of the medium clay fraction, sample 5 (Offaster pilula zone). 
(c) Quartz crystals with open hexagonal structure, a lath-shaped mineral resembling 
palygorskite, apatite subhedra nd a background of montmorillonite laths from 
the clay fraction, sample 4 (Marsupites testudinarius zone). 
(d) Apatite and aggregates of montmorillonite laths from the clay fraction, sample 
7 (Actinocamax quadratus zone). The arrowed mineral is described in the text as 
either mica of unusual morphology or well-crystallized montmorillonite. 
PLATE ~[ 
(Facing p. 102) 
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Similar but larger subspherical silica aggregates are present in the coarse silt 
of sample 4, but these vary more than the spherulites of the fine silt. They range 
in diameter f om 20 to 50 t~, though most are between 30 and 40 t~. Some are ovoid 
or subspherical, others quite irregular in shape. Most have a radiating structure, 
but form skeletal rather than completely solid spherulites. In addition, their refrac- 
tive index varies much more than the fine silt spherulites; it is as low as 1.44 in 
some, indicating the absorption of up to 10% water; in others, which are partly or 
almost entirely anisotropic silica (quartz) the refractive index is as high as 1.53. In 
the coarse silt there is apparently a gradation from entirely isotropic masses of 
opaline silica to almost entirely anisotropic masses of interlocking quartz crystallites, 
which constitute the finest flint fragments. 
Clay mineralogy 
Preliminary X-ray examination of the clay fractions howed that they are com- 
posed of montmorillonite, mica, quartz, and apatite. Lath-shaped minerals resembling 
palygorskite were occasionally observed in the electron micrographs (Plate lc), 
but the amounts present were too small for it to be confirmed by X-ray or electron 
diffraction techniques. Young (1965) has recorded two occurrences of palygorskite 
coating fault planes in the Chalk of the Leatherhead borehole. Kaolinite was not 
detected at this or any subsequent stage in the analysis; thus although small amounts 
of silica and alumina equivalent to 0-5-1.5% kaolinite were dissolved uring the 
DDA process, without other evidence for kaolinite these are attributed to errors 
inherent in the DDA method. Table 5 gives the mineralogical composition of the 
clays. 
Apatite. Apatite is present in the clay fractions of all the samples, and in each 
size fraction of the clay in sample 5. The X-ray diffraction patterns are indistinguish- 
able from powder patterns obtained by Brown &Ollier (1956) from sand-sized 
collophane in chalk from the Chilterns. The apatite crystals are soluble in dilute 
hydrochloric acid, and were identified in the electron microscope by comparing 
HCl-treated and untreated specimens. In electron micrographs they are seen as 
subhedra nd perfect euhedra, many with hexagonal outlines (Plate ld) that are 
therefore short hexagonal prisms with basal pinacoids, 
Perrin (1964) suggested that phosphate is dissolved at low pH during acetic 
acid treatment of chalk and possibly partially reprecipitated later when the pH 
rises, but the apatite crystals in the clay, silt, and sand fractions of the chalk residues 
were not formed in this way. The evidence for this is: (a) clay-sized euhedral 
apatite crystals were observed in the less than 2 t~ fraction separated from finely- 
ground chalk of sample 2 suspended in water; (b) a 10% solution of acetic acid 
(pH 2.2) dissolved only a quarter of the phosphate in the carbonate-free clay fraction 
of sample 2 in 48 hr (this was an extreme treatment and much less phosphate would 
have been dissolved uring the solution of the samples when the pH was below 4.7 
only locally and momentarily after the addition of the acid); and (c) after the 
solution containing phosphate from (b) above had been shaken with a small excess 
of A.R. calcium carbonate for 24 hr, a careful search of the solid residue with the 
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electron microscope failed to reveal any euhedral apatite crystals. The apatite 
euhedra re therefore present in the Chalk, and although the use of acetic acid to 
separate a carbonate-free r sidue may dissolve a small proportion of the phosphate, 
none is reprecipitated asapatite euhedra under the conditions described above. This 
agrees with the finding of Bjerrum (1958), who showed that under laboratory con- 
ditions long periods of time and high temperatures are necessary to form well- 
crystallized hydroxy-apatite crystals. 
Quartz. Quartz was detected in all the clay samples (Table 5). In sample 5 most 
of the quartz is in the coarse clay fraction, but its unusual morphology in this 
sample allowed recognition of minor amounts in electron micrographs of the medium 
and fine clays. The particles showed numerous parallel elongate projections (Plate 
l b) sometimes as extensions to rounded detrital grains, and sometimes without 
any such nucleus. Each of these particles diffracted electrons as a single crystal, 
suggesting that the projections are either opaline silica, and therefore not contri- 
buting to the diffraction pattern, or oriented quartz crystal growths; the latter is 
more likely because the projections were resistant to the bisulphate fusion treatment. 
It was not possible to determine the crystal orientation of the growths with the 
electron diffraction equipment available. 
In sample 4 the quartz showed an open hexagonal structure somewhat resembling 
ice crystals (Plate lc). Although these are very delicate, they are resistant o the 
bisulphate fusion treatment. The electron micrographs of this sample also showed 
small masses of material that closely resembled the tridymite-opaline silica micro- 
spherulites of the fine silt of the same sample. Their similarity is confirmed by the 
appearance of the d = 4.08 A reflection of tridymite in the X-ray diffraction pattern 
of the clay, and the presence of 10% soluble non-quartz silica. 
Mica. Mica is present in the clay fractions of all the samples, and in nearly equal 
amounts in each size fraction of sample 5. In the X-ray patterns three to five orders 
of the basal reflection were observed. A single 06 reflection for both mica and 
montmorillonite, corresponding to a unit cell with b --- 9.0 A, indicates that both 
minerals are dioctahedral. Mica was recognized in electron micrographs as flat platy 
crystals with irregular outlines. Other minerals, possibly micas with a different 
morphology, are described in the next section. 
Montmorillonite. Montmorillonite is the dominant mineral in all the clay samples. 
Although all the samples gave a basal reflection corresponding to d =- 17 A with 
oriented aggregates saturated with ethylene glycol, only samples 4 and 6 gave two 
other rational orders. The montmorillonite hus expands fully, but it is surprising 
that so few basal reflections are observed when the mineral comprises approximately 
half of each clay sample. This partly results from poor orientation of the mont- 
morillonite caused by the presence in the specimens of sub-equant crystals of apatite 
and quartz, but may also be a measure of the crystalline imperfection of the mineral. 
In all the samples montmorillonite occurs as laths that are typically 0-5 ~ long, 
0"02 ~ broad and probably only a single structural unit (10 A) thick. The laths are 
seldom observed singly in the electron micrographs for they occur mainly 
in aggregates, and the division of the clay from sample 5 divided the montmoril- 
C 
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lonite by aggregate size only. Many of the laths of the montmorillonite aggregates 
are randomly arranged and give selected area electron diffraction patterns of rings 
of overlapping diffraction spots. They are easily distinguished from flat mica crystals 
with irregular outlines, which give electron diffraction patterns of spots in hexagonal 
array. Between these extremes there are minerals whose forms are not characteristic 
of either montmorillonite or mica. Some of these have flake dimensions comparable 
with montmorillonite, but the flakes are arranged in groups at angles of 60 ~ to 
each other. Their diffraction patterns how maxima in arcs corresponding to the 
long axes of the laths. Other minerals have larger plate-like flakes, which are striated 
and end in separate laths; these also may have sets of lath-like terminations occur- 
ring at 60 ~ to each other. Their diffraction patterns are typically the hexagonal spot 
pattern attributed to mica. This form is shown in Plate ld. The lattice of dehydrated 
well-crystallized montmorillonite is so similar to that of mica that the two cannot 
be distinguished with the electron diffraction equipment available. In these clays, 
it appears that either the montmorillonite crystals show extensive ordering in the 
ab crystals plane, or some of the micas have a morphology quite unlike that of detrital 
micas. Possibly both minerals occur in these unusual forms. 
An estimate of the chemical composition of the mica and montmorillonite can 
be obtained by subtracting the amounts of oxides contributed by other materials 
from the percentage chemical composition of the total clay fraction. Table 6 gives 
the chemical analyses of the clay fractions, excluding sample 5, which was not 
analysed in full. 
Measurements of organic carbon showed that these clay fractions contain a 
quarter to a third of the total organic matter in the chalk; the rest is lost during 
the dissolution of calcium carbonate and separation of the clays. All the phosphate 
TABLE 6. Percentage chemical composition of the Mg-saturated clay (< 2 tz e.s.d.) 
fractions from the chalk residues 
Sample Sample Sample Sample Sample Sample 
1 2 3 4 6 7 
SiO2 49-85 
A1203 15.78 
T i t2  1-00 
FezO3 3.78 
MgO 3-31 
Cat  6.61 
MnO 
P205 5-38 
K~O 1-74 
Na20 0.22 
Ignition loss 12,33 
Organic carbon 2-90 
Exchange capacity (m-eq/100 g) 47 
46.12 45.91 62.00 49'08 47-79 
14.14 14.67 14.16 17-91 16.48 
1.14 0-36 0-33 0-29 0.30 
4.19 3.31 3-21 4.02 4.33 
3-31 4-23 3.66 3 -62 3-28 
10.42 9.25 3-59 5.21 6.80 
7.66 6.57 2.48 3.70 4-82 
1.63 2~03 1.71 2.06 2.60 
0.21 0.23 0-21 0.25 0-32 
11-19 13-44 8.67 13.85 13.25 
2.72 2-76 1.63 2.22 2,67 
50 51.5 52.5 61.5 47.5 
Analyst:G. Pruden. 
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and nearly all the calcium oxide (Table 6) can be attributed to apatite and the silica 
figures include those for quartz (and opaline silica and tridymite in sample 4). If 
corrections are made for these and for soluble silica, alumina, and iron oxide, an 
estimate may be obtained for the lattice composition of the mica and montmorillonite. 
The result of this estimate for sample 7, which is typical of all the clays, can be 
expressed on a water-free basis as follows: SiO2 = 59-9%; A1203 = 25.8%; 
TiO2 = 0.49%; Fe203 = 3.81%; lattice MgO = 3.81%; exchangeable MgO (calcu- 
lated from the exchange capacity) = 1.54%; K20 = 4-16%; Na~O = 0-51%. When 
recalculated to give a unit formula based on twenty-two xygen ions this corres- 
ponds to 
+ 1"32 - 0.55 - 0-75 
Nao.12Ko.e4Mgo.2s (A12.92Tio.07Feo.35Mgo.es) (SiT.25Alo.75)O22 
= 4"02 atoms 
If the mica component of this mixture of  mica and montmorillonite has a full 
complement of interlayer (Na + K) ions the ratio mica : montmorillonite is 38 : 62 
(the assumption that mica contains 10% K20 gives amounts of mica and mont- 
morillonite (Table 5) in the ratio 34: 66). The interlayer charge of the montmorillonite 
can be obtained from the unit formula by dividing by the proportion of montmoril- 
lonite in the mixture, the result is 0.90 M+/Si8Ozz equivalent o an exchange 
capacity of 123 m-eq/100 g (ignited weight). 
Robertson (1961) suggested that the montmorillonite in chalk may have originated 
under conditions similar to those forming the montmorillonites in the Aptian 
Fullers Earths. The composition of a sample of Na-saturated Redhill montmorillonite 
is as follows (Weir, 1965): 
+ 0.79 - 0-63 - 0.15 
Nao.TsKo.o~ a+ 2+ (A12.stFeo.~4Feo.03Mgo.7s) (Si~.ssAIo.15)O22 
= 4"04 atoms 
exchange capacity = 107 m-eq/100 g (ignited weight) 
These formulae differ in their contents of silicon, aluminium, and iron, in the 
distribution of octahedral and tetrahedral charges, and in the interlayer charges 
attributed to montmorillonite. It thus appears that the montmorillonite in chalk 
differs from the Redhill montmorillonite much more than the montmoril!onites of
the Aptian Fullers Earths differ between themselves (Robertson, 1961). However, 
because the chalk residue contains a mica component of unknown composition, the 
differences between the montmorillonites may be smaller than the formulae indicate. 
Further evidence that this may be so is given by the thermobalance urves of the 
Redhill montmorillonite and of the clay from sample 7, both treated to remove 
organic matter and apatite, and K-saturated (Fig. 1). The main components of each 
sample cannot be very different in composition, particle size and lattice perfection 
for the curves to be so similar in detail. 
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FIG. I. Thermobalance traces of K-saturated Redhill montmorillonite and chalk 
residue clay, sample 7. The temperature was increased by increments of 50~ 
every 30 min. 
CONCLUSION 
The mineralogical composition of the non-calcareous residues from all zones of 
the Upper Chalk in the Arundel area is similar, with minor exceptions, to those 
of the Upper Chalk elsewhere in southern England. Although the silt and fine sand 
fractions are rich in detrital material, they also contain arange of authigenic minerals. 
Some of these, such as orthoclase, barytes, and pyrites, occur very frequently as 
authigenic crystals in limestones and other sediments, though feldspar and barytes 
have been reported only occasionally in the English Chalk. Authigenic quartz is 
also a common constituent of limestone residues. Its presence in the Chalk suggests 
that silica has been mobile in the rock since consolidation; the silica was possibly 
deposited from solution on the sea floor as hydrated opal, but during diagenesis 
it was partly dehydrated and crystallized as low-temperature t idymite and quartz. 
Apatite is however rarely recognized as an authigenic mineral, but the many perfect 
euhedra in the sand, silt, and clay fractions leave no doubt that calcium phosphate, 
presumably derived by solution of organic phosphate, is recrystallized in the Chalk. 
Glauconite can also be regarded as authigenic, although its formation, presumably 
on the sea bed, probably predated the crystallization of other authigenic minerals. 
The unusually large amounts of glauconite associated with phosphatic nodules in 
the cortestudinarium zone at Houghton indicate that for a short period carbonate 
and detrital material were deposited more slowly (or that organic phosphate and 
glauconite accumulated more rapidly) than was usual in tht Upper Chalk sea. 
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The dominance of montmorillonite, mica, and quartz is a feature of the clay 
fractions of residues not only from the Upper Chalk of the Arundel area but of 
the Middle and Upper Chalk throughout south and east England. It is only in the 
less pure Lower Chalk (Perrin, 1964; Young, 1965) that other minerals such as 
kaolinite and vermiculite or chlorite are present. The irregular shape of some of 
the clay-sized mica flakes in all the Sussex samples indicates its detrital origin. The 
same is true of some of the quartz, though it is partly authigenic in origin. Robertson 
(1961) suggested that the montmorillonite in the Chalk may have a similar origin 
to that of the Aptian Fullers Earths, of which RedhiU montmorillonite is an example, 
and that the source of the detrital material was deeply weathered soil containing 
montmorillonite, but that the montmorillonite was re-formed in the basin of deposi- 
tion so that it was in effect a chemical precipitate. We have found that some minerals 
in the Chalk including apatite and some quartz in the clay fraction are authigenic. 
It also seems probable that the minerals described above as mica of unusual 
morphology or well-crystallized montmorillonite could not have survived transporta- 
tion in their present form and must have been formed wholly or in part in the 
environment of the Chalk sea. The rarity of kaolinite and the unusual but unvarying 
morphology of montmorillonite in the Upper Chalk may also result from the effect 
of the Chalk sea environment on incoming detritus of variable composition. A much 
more detailed knowledge of the clay mineralogy of Cretaceous ediments is needed 
to decide this point. 
ACKNOWLEDGMENTS 
We thank Mr H. L. Nixon and Mr R. D. Woods for taking electron micrographs, Dr D. S. 
Jenkinson for organic carbon determinations, Mr J. M. Hodgson for introducing us to the 
geology of the Arundel district and Mr G. Brown for helpful advice and discussion. 
REFERENCES 
AVERY B.W., STEPHEN I., BROWN G. & YAALON D.H. (1959) J. Soil Sci. 10, 177. 
BASCOMB C.L. (1964) J. Sci. Fd Agric. 15, 821. 
BJERRUM N. (1958) Mat.-/ys. Meddr. 31, I. Trans M.H. Rand, AERE-Trans. 841. 
BROWN G. (1961) The X-ray Identification and Crystal Structures of Clay Minerals, 2nd edn 
(G. Brown, editor), Chap. 8, p. 467. Mineralogical Society, London. 
BROWN G. & OLLIER C.D. (1956) Mineralog. MaR. 31, 339. 
CAYEUX L. (1890) Annls Soc. g~ol. N. 17, 342. 
CAYEUX L. (1891a) Annls Soc. gdol. N. 18, 168. 
CAYEUX L. (1891b) Annls Soc. gdol. N. 19, 132. 
CAYEUX L. (1895) C.r. hebd. Sdanc. Acad. Sci., Paris, 120, 1068. 
CAYEUX L. (1897) Mdm. Soc. geol. N. 26, 168. 
DOUBLE I.S. (1927) Jl R. microsc. Soc. 47, 226. 
GASTER C.T.A. (1937) Proc. Geol. Ass. 48, 356. 
HASHIMOTO I. & JACKSON M.L. (1960) Clays and Clay Minerals. Proc. 7th Conf., p. 102. Pergamon 
Press, Oxford. 
HILL W. (1915) Proc. R. Soc. Edinb. 35, 263. 
110 A. H. Weir and J. A. Catt 
HUME W.F. (1893) Chemical and Micromineralogical Researches on the Upper Cretaceous 
Zones o[ the South o[ England. London. 
JAc~:soy M.L. (1956) Soil Chemical Analysis--Advanced Course, p. 544. Madison, Wisconsin. 
KIELY P.V. & JACKSON M.L. (1964) Am. Miner. 49, 1648. 
LACROIX A. (1897) Min6ralogie de la France et de ses Colonies, 2, p. 614. Paris. 
PERRIN R.M.S. (1956) Nature, Lond. 178, 31. 
PERRIN R.M.S. (1957) Clay Miner. Bull. 3, 193. 
PERRIN R.M.S. (1964) Analysis o[ Calcareous Materials, p. 208. Chemy Ind. Monograph Series, 
London. 
ROBERTSON R.H.S. (1961) Clay Miner. Bull. 4, 282. 
S^TO M. (1962) Mineralog. J., Sapporo, 3, 296. 
SI-IAW K. (1959) J. Soil Sci. 10, 316. 
WARREN B.E. & BISCOE J. (1938) J. Am. Ceram. Soc. 21, 49. 
WEIR A.H. (1965) Clay Miner. 6, 17. 
WINCnELL A.N. (1951) Elements o] Optical Mineralogy. 4th edn, p. 251. Wiley, New York. 
YOUNC B.R. (1965) Bull. geol. Surv. Gt Br. 23, 110. 
